"Today the Citadel is being restored and developed in order to return this historical complex, symbol of the Algerian state before colonisation, to its erstwhile importance". 2 (Supplied by the donor of the tile shard from the Citadel of Algiers)
Pigment analysis on the Citadel tile
The method of tile pigment analysis that was followed included micro-Raman spectroscopy, X-ray powder diffraction (XRD), Energy dispersive X-ray spectrometry (EDX) and a separate synthesis of related reference compounds to aid in the Raman band assignments and XRD studies. 
Yellow pigments
It must be noted that lead-based yellow pigments have been in use 3 since 1600.
Among the earliest that are known to have been used are the following: lead (II) stannate (Pb 2 SnO 4 ), lead (II) antimonate, often called Naples yellow (Pb 2 Sb 2 O 7 ), and lead (II) oxides (orthorhombic and tetragonal). 3 Despite the fact that these pigments were widely manufactured and used, some of the ancient recipes are not well understood or even known. The detailed study of these ancient pigments is further complicated by the use of less-than-pure starting materials that were peculiar to the areas from which the raw materials were obtained. 
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It has been noted that the most common of these yellow pigments have a dominant Raman band at ca 127-145 cm -1 and differ from each other by the position of this dominant band (DB) which has been attributed to a Pb-O stretching mode. 3 The following differences in the position of this dominant Raman band can be found in these common pigments: lead tin yellow [type I (DB at 129 (vs) cm -1 and 196 cm -1 (s)) and type II (DB at 138 cm -1 (vs) and broad bands at 324 cm -1 (m)], lead (II) antimonate [DB at 140 cm -1 and broad bands at 329 cm -1 (m) and 442 cm -1 (w)], two lead (II) oxides [orthorhombic (143 cm -1 (vs), 289 cm -1 (s) and 385 cm -1 (w)] and tetragonal [145 cm -1 (vs), 285 cm -1 (vw) and 336 cm -1 (vw)] crystals. 3 On the basis of this introductory information, the yellow pigment on the tile has been studied, identified and characterised.
Ancient rediscovered yellow pigment (Pb 2 SnSbO 6.5 )
Representative Raman spectra of the yellow pigment on the Citadel tile were acquired at many different locations on the tile. The three distinct spectra that were obtained all differed from well-known ancient yellow pigments such as lead tin yellow types I and II, lead antimonate yellow, Naples yellow and other related pigments. 3, [4] [5] [6] Interest was not focused exclusively on the Pb-O dominant Raman vibration since it had already been shown that these compounds by and large differ by the position of this band. 3 Instead, interest was focused on the entire Raman spectrum within the collected region of 100 cm -1 to 1300 cm -1 .
It was found that the yellow pigment on the tile is fairly similar to another ancient yellow pigment (pyrochlore type) which was recently identified on Italian paintings of the 16 th century by G.B. Langetti ("Lot and his daughters") and Luca Giordano ("Entrance of Christ in Jerusalem") 7 and on Italian pottery of the 16 th century. 8, 9 This pigment can be described as a pyrochlore-type ternary system represented by the formula Pb 2 SnSbO 6.5 . Since these spectra are similar to the literature assignments but not conclusive, the first task was to determine which spectra among them correspond to this ternary compound and to which pigments the other spectra correspond. It must also be noted that the literature assignment for the Pb-O Raman band for this ternary yellow pigment (Pb 2 SnSbO 6.5 ) is placed at 132 cm -1 ; it is sometimes indicated as 127 cm -1 -137 cm -1 and is shown as a doublet in this region. [7] [8] [9] [10] In this study, three distinct phases (by colour) corresponding to bright yellow, brown-yellow and an orange-yellow making up the yellow section of the Citadel tile were observed.
Using the synthesis methods described by Cascales and co-workers 10 for these types of pyrochlore system, several reference samples were synthesised, as described in Chapter 3. XRD data were collected for these samples, as shown in The following discussion relates the synthesised pigments to those on the Citadel tile. The use of Raman spectra in conjunction with XRD data for samples (a) and (e) revealed that the dominant Pb-O Raman band for the ternary pyrochlore-type pigment (Pb 2 SnSbO 6.5 ) is at 127 cm -1 rather than at the 132 cm -1 reported in the literature. 7-9 Figure 5 In order to verify whether the prepared pigment is indeed the ternary compound Pb 2 SnSbO 6.5 , an XRD spectrum was obtained and indeed the XRD data for the synthesised sample shown in Figure 5 The Raman bands at 210 cm -1 and 655 cm -1 that are also present in The XRD results of the synthesised rosiaite as shown in Figure 5 .2.1.5 also confirm that the dominant compound in the synthesised sample of It is therefore concluded that the compound prepared according to a Pb:Sn ratio of 2:1 in Table 5 .2.1.1.1(c) is lead (II) stannate (Pb 2 SnO 4 ). It must be noted that the EDX results also depend on the beam penetration into the glaze and may give larger errors due to underlying material. The large amount of silicon in Figure 5 percentages given by EDX results are simply averages of atomic concentrations in the path of the beam and can therefore be used to determine the approximate ratios of atoms using the same data set. These results are also consistent with the formula Pb 2 Sb 2 O 7 that has been determined for Naples yellow. 3 Figure 5 Similar EDX spectra and associated information where used to generate tables, such as that of Appendix 5.1
White pigment: cassiterite (SnO 2 )
The glaze on the Citadel tile is composed largely of cassiterite (SnO 2 ). Raman spectra from this white pigment shown in Figure 5 Historically, cassiterite was used as an opacifier 15 and in some instances it has been found mixed in with α-quartz in ceramic materials from the period 1510-1530 in Iznik (former Nicaea). 16 It is conceivable that this was also the intention here since the Citadel of Algiers was built in 1516. Using the glaze depth profiles generated by Firstly, despite the intense bright blue colour on the tile, the molecular density could be very low. Secondly, sample thickness in the glaze is in the order of < 1 µm due to the use of confocal Raman configuration. Thirdly, the first differential Raman cross-sections (dσ/dΩ) are in the order of ≈ 10 -31 -10 -28 cm 2 sr -1 and there are therefore lower limits of detection for Raman spectroscopy. 20 Therefore, if the pigment concentration in the glaze is orders of magnitude smaller than the lower limits, for example comparable to molecular mono-layers within the sampled volume, then the pigment in the glaze will be undetectable without any form of signal enhancement such as surface enhanced Raman spectroscopy (SERS) or resonance effects. For instance, silver nanocrystals could have been spread on the surface of the glaze to come into contact with the surface, in which case a Raman spectrum of the surface in contact with the silver particles would be obtained. Alternatively, the transparency to Raman spectroscopy of the blue colour in this glaze could be the result of dissolved cobalt ions in the glass structure. 17 However, a small amount of pigment was detected in crevices in the glaze and a spectrum was recorded and identified as cobalt blue or cobalt aluminium oxide. 21 Due to the fact that cobalt blue was not directly observed in the bulk of the glaze using Raman spectroscopy, it may be advisable to conduct further research using other techniques to identify conclusively the exact cobalt structure that is giving rise to this beautiful blue colour in the glaze ( Figure 5 .2.1.4.1).
Tile body analysis
The body of the tile appears red/brown in colour but appears to be rather heterogeneous with black, red/brown and white particles showing under the microscope. These particles were analysed directly using low-power radiation (5 mW of 514.5 nm radiation at the source). The chemical composition of the tile body will now be discussed. 
Maghemite (γ-Fe 2 O 3 )
Maghemite (γ-Fe 2 O 3 ) has an inverse spinel structure which appears as an
Fe-deficient form of magnetite. 16 However, its Raman spectrum is not well defined 24 and it is known to be characterised by broad features around 350 cm -1 , 500 cm -1 and 700 cm -1 as can also be seen in this study ( Figure 5.3.1.1.1(b) ). It must be noted that the broad features identified in the maghemite spectrum are not present in any of the other iron oxides or oxyhydroxides 25 that are usually found in clays.
Magnetite (Fe 3 O 4 )
The presence of magnetite (Fe 3 O 4 ) in the body of the tile could have come from the raw material that was used. Magnetite occurs naturally in clay bodies 25 and its presence in the tile would not be a surprise if it is assumed that the raw material was a naturally occurring clay. Indeed, Figure 5 shifted to lower wavenumbers. 23 This phase is therefore attributed to magnetite. 26
Quartz (α-SiO 2 )
Two forms of quartz were identified on the tile. Figure 5 
Calcite (CaCO 3 )
Calcite (CaCO 3 ) was detected in the body of the Citadel tile and is identified by the two Raman bands at 1085 cm -1 (A 1g ) and 711 cm -1 (E g ) 27,28 (see Figure 5 .3.1. 1.1(b) ).
There are two other forms of CaCO 3 and both show a strong Raman band around 1085 cm -1 . However, these two other phases (aragonite and vaterite) also show additional Raman bands at 700 cm -1 and 750 cm -1 , respectively. 27 Therefore the phase in the body of the tile is positively identified as calcite. 
Amorphous carbon
The glaze of this tile did not show any presence of amorphous carbon on the surface, except for trace amounts inside the glaze ( Figure 5.2.1.3.2(e) ) and the body of the tile (Figure 5.3.4.1(c) ). The amorphous carbon detected in both cases is presumed to be due to accidental contamination during the manufacture of the tile.
This contamination is identified by two broad bands around 1350 cm -1 and 1600 cm -1 and these bands are associated with the "D" and "G" Raman bands of graphitic carbon. 29, 30 A high-resolution photo of these inclusions is shown in Figure 5 .3.6.1. pigments that were used have been positively identified. Secondly, the composition of the body of the tile has been determined, based on its major components. The direction of research for additional information to assist in the restoration process should include, among others, the manufacturing recipes of that time (~ 1615) for the various pigments and body material, and the raw material supply for the specific components (glaze, body or pigment).
Conclusion
The characterisation of the pigments and body of the tile shard from the Citadel of Algiers was accomplished by using micro-Raman spectroscopy as the major technique, complemented by powder X-ray diffraction (XRD) and energy-dispersive X-ray spectrometry(EDX The accumulated chemical information may be used in conjunction with information on preparation and raw material sources to design an appropriate restoration and conservation response programme for these ancient tiles. Micro-Raman spectroscopy proved to be very useful in pigment characterisation when used in conjunction with complementary techniques such as XRD and EDX. 
